Abstract: Nanocomposites of high-density polyethylene/linear low-density polyethylene (HDPE/LLDPE) filled with untreated and surface treated nano-calcium carbonate (nCC) were prepared. The influence of isopropyl tri-(dioctylpyrophosphato) titanate (JN114) treatment of nCC on the morphology, mechanical, crystallization and flow properties of the nanocomposites were studied. The results of scanning electron microscopy (SEM) showed that JN114 treated nCC was better dispersion in the matrix than the untreated one. A fine dispersion of the treated nanoparticles in the nanocomposites was observed by transmission electron microscopy (TEM). The FTIR spectrum analysis revealed that the JN114 could change the surface properties of nCC, resulting in greater hydrophobicity of the surface and enhanced compatibility with nonpolar matrices. The tensile elastic modulus (E c ) and Izod impact strength (S IC ) of nanocomposites increased with the increasing of nCC content while tensile fracture strength (σ b ) decreased. The JN114 treated nanocomposites had superior mechanical properties to those of the untreated ones. The compatibility of these nanocomposites was examined by DSC to estimate melting point (T m ) and crystallization temperature (T c ). Furthermore, the melt flow index (MFI) of the nanocomposite materials were measured. It was found that the MFI decreased with the addition of weight fraction of the nCC particles.
Introduction
Nanocomposites have attracted much attention both from industry and academia. The interest in nanocomposite is due to their remarkable properties compared with conventional composite. Polymer nanocomposites are a class of materials that are particle-filled, with at least one dimension in the nanometer range [1] . These nanoparticles are dispersed in the polymer matrix at a relatively low wt % (often less than 10 % by weight). In general, nanoparticles can significantly improve mechanical properties, thermal stability, gas barrier properties, and/or flame retardancy of the polymer matrix [2] [3] [4] [5] [6] .
Among the polymer nanocomposites, those based on polyethylene (PE) have attracted considerable interest because of its good processability, relatively high mechanical properties, great recyclability, and low cost. It is well known that LLDPE has superiority in properties compared to conventional LDPE, for example, greater tensile strength, higher environmental stress crack resistance, etc [7] . Recently, LLDPE has been used as a blend with other polyethylenes or to completely replaced other grades for certain applications. Blends of LLDPE with other polyethylenes, namely, HDPE/LLDPE [8, 9] , MDPE (medium-density polyethylene)/LLDPE [10] , LLDPE/LDPE [11] , and LDPE/HDPE [12] , have been investigated by various researchers. The similarity in chain structure among LLDPE and HDPE implies the possibility of miscible mixtures as well as cocrystallization [13] . LLDPE has a molecular chain similar to HDPE, which has a few side chains and a high density.
Owing to the good processability, flexibility, and extensibility of high-density polyethylene (HDPE) and advantageous mechanical performances of linear low-density polyethylene (LLDPE), a number of studies on the structure/property of HDPE/LLDPE blends have been conducted. Over the recent decade, the melt flow properties of HDPE/LLDPE blend melts have been conducted [14, 15] . Deepak [16] studied the mechanical properties of ternary blends of polyethylenes having fixed percentage of HDPE, and found that the tensile strength and elongation at break initially increased up to 30 wt % with the addition of LDPE in the blend, where as the impact strength showed a nonlinear variation with LDPE content. Recently, a set of equations for predicting processing, mechanical, and shrink properties of HDPE/LDPE/LLDPE blends were generated [17] .
Inorganic fillers are often compounded into thermoplastic polymers for reducing the cost of plastics products and improve some properties of plastics, such as morphology, mechanical and thermal properties. Calcium carbonate (calcite) is one of the most widely used inorganic fillers in the plastics industry. After the concept of utilizing rigid particles to toughen polymers was introduced [18] , enormous attention was paid to CaCO 3 because of its spherical shape and low price [19] . On the downside, it compares poorly with many other fillers in acid resistance and reinforcing effect. CaCO 3 particles tend to strongly agglomerate because of their high surface energy and reactivity with atmospheric moisture, which forms hydroxyl groups on their surface. CaCO 3 particles are hydrophilic and highly polar, whereas many common polymers such as polyolefins are nonpolar and hydrophobic. Consequently, CaCO 3 particle surfaces are often modified for better compatibility and adhesion with fillers and the polymer matrix, characteristics that are necessary to obtain better mechanical properties. Because it reacts readily with fatty acids and their salts, CaCO 3 is usually surface-modified with stearic acid, which, among other advantages, is inexpensive and easy to process [20, 21] . It is well known that addition of such particulate significantly increases the viscosity of the compound. There are several studies reporting that viscosity of calcium carbonate filled thermoplastic composites increased [22] [23] [24] [25] , but in certain cases, it increased by several orders of magnitude at low shear rate, implying an occurrence of yield values. Few studies were also reported an observation of stretching flow for these compounds [23, 24] . Similar rheological characteristics were observed at low strain rate when the compounds were filled with carbon black, calcium carbonate, and titanium dioxide. Calcite filled PE has been used for baby diaper due to their hydrophilic character [26] [27] [28] . Wang et al. [29] used a modifier consisting of carboxylated polyethylene and a calcite grafted with acrylamide in high density polyethylene (HDPE) to improve mechanical property of the compound. However, the studies on physical properties of inorganic particulate-filled HDPE/LLDPE composites have been relatively few.
To the best of our knowledge, no studies on HDPE/ LLDPE nanocomposites filled with surface-treated nanocalcite particles have been reported. The study presents a detailed analysis of the effect of filler on the mechanical, structural and thermal properties of polyethylene based nanocomposites, and in particular, to determine the efficiency of the JN114 coating in improving dispersion of nCC into the polyethylene matrix and promoting interfacial adhesion between the phases.
Experimental

Materials
Polyolefins used in this study are HDPE and LLDPE supplied by SK Corporation, South Korea. The nano-calcium carbonate used in this study was kindly supplied by SK Corporation (South Korea); its density was 2.71 g/ml, and its particle diameter was between 40 and 60 nm. It was coated with titanate coupling agent for better dispersion. Titanate coupling agent, including isopropyl tri-(dioctylpyrophosphato) titanate (JN114), with its structure shown in Figure 1 , was provided by Changzhou City Jinai Co., Ltd, Jiangsu Province, China and other agents were commercial grades and used as received. An anti-oxidant, Irganox B225 (Ciba, Basel, Switzerland; 0.5 wt %) was added as the stabilizer (synergistic processing and long-term thermal stabilizer system) to the polyethylene during compounding. The information of the materials used in this study is listed in Table 1 .
Surface Treatment of CaCO 3 Nanoparticles
Untreated nano-calcium carbonate (nCC) was prepared by drying its water suspension in an oven at 100 o C to constant weight. One hundred grams of nCC and 400 g of ethanol were added to a high-speed dispersion machine filled with zirconium oxide beads and ground for 2 h at a speed of 400 rpm. After the ground nanoparticles were filtered to remove the zirconium oxide beads, the titanate coupling agent (0.5 wt % with respect to the filler) was introduced. The mixture was kept at 78 o C for 2 h and was then filtered to remove the solvent. The mixture was further dried at 120 o C for 2 h to remove the residual solvent.
Preparation of Nanocomposites
Before melt mixing, HDPE, LLDPE and surface-treated CaCO 3 nanoparticles were dried in a vacuum oven at 80 o C for 6 h and then cooled down to room temperature. The materials were stored in a desiccator prior to processing. In this work, the contents of nCC and HDPE/LLDPE were maintained at 5, 10, 15 and 20 wt % and 50/50 wt %, respectively. The melt blending of such compositions was carried out on a twin-screw extruder (Brabender plasticorder, model: PLE-331). The processing temperature, rotor speed and blending time were set at 120-200 o C, 60 rpm, and 10 min, respectively. The sample weight of each blending was controlled at 60 g. After 10 min, the mixing chamber of the Brabender apparatus was opened and the resulting mixing was taken out. The resultant mixture was compressionmolded in a hot press at 190 o C for 5 min without any applied pressure. After this period, 10 MPa pressure was applied for 5 min, and then the press platelets, containing coils for fluids. Finally, the pressure was released and the mold removed from the plates. This was followed by cooling to room temperature between two thick-metal blocks kept at room temperature. A template frame was used to ensure a constant film thickness (1 mm). The samples were cut into standard shapes and sizes for testing mechanical properties. There were two composites, HDPE/LLDPE filled with untreated nCC particles, namely UNC, and HDPE/LLDPE filled with surface-treated nCC particles, namely SNC, in this experiment. The specimens were then sealed in plastic bags as they waited the processing and analysis.
Characterization of Nanocomposites Morphological Observations
Scanning Electron Microscopy (SEM; JEOL, Japan JSM-6360LV) was employed to study fracture surfaces of all tested samples. The SEM samples were held in liquid nitrogen for 30 min and then broken into two pieces. The fractured surfaces of the specimen were coated with a thin layer (10-20 nm) of gold palladium.
Transmission Electron Microscopy (TEM) Ultra-thin films with about 100 nm in thickness were cut from the thin sections of the samples using an ultramicrotome (Ultracut-1, UK) with a diamond knife in a nitrogen environment. The ultra-thin films were then examined by a JEOL JEM-2010 transmission electron microscope (TEM) with an accelerating voltage of 200 kV to observe the dispersion state of nCC particles.
Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectra of nCC and JN114 treated nCC were recorded with a FTIR spectrometer (Nicolet Nexus 870) over the range from 400 cm -1 to 4000 cm -1
.
Mechanical Properties
The effects of nCC on HDPE/LLDPE (50/50 wt %) blends were evaluated through the mechanical properties, such as the tensile stress, elastic modulus, and Izod impact strength. Standard specimens were sampled from the compression molded sheet and then conditioned at the temperature of (25±2 o C) and the relative humidity of 50±5 % for 24 h. Tensile testing was performed on a screw-driven universal testing machine (Instron 4466) equipped with a 10 kN electronic load cell and mechanical grips. The tests were conducted at a crosshead speed of 30 mm/min and data was acquired by a computer. Tensile test specimens of dimensions 100153 mm 3 were cut as per ASTM-D 638-01 [30] specifications. In each case, five samples were tested and the average value tabulated. Izod impact tests of notched samples were carried out according to ASTM D256-93a standard, the instruments was Ceast pendulum impact tester (Model 6545/ 000). The dimension of the specimens (lengthwidththickness) was 63.50133.20 mm.
Differential Scanning Calorimetry (DSC)
The crystallization behavior of specimens was examined using Perkin Elmer DSC-7 (Perkin Elmer, Inc., Wellesley, MA, USA) differential scanning calorimetry (DSC) under nitrogen atmosphere. The heat flow and temperatures of DSC were calibrated with standared materials, indium and zinc. The weight of specimens was in the range 8-10 mg. For non-isothermal crystallization, the specimens were rapidly heated to 180 ) were obtained from the second heating run. Degree of crystallinity (X c %) was calculated using melting enthalpy of the samples according to the following equation:
Where ∆H o m is the melting enthalpy of the 100 % crystalline form of PE (279 J g -1 ) [31] .
Flow Property Test
The melt-flow index (MFLs) of the nanocomposites were determined with a Zwick 4100 MFI test instrument according to the ISO 1133 [32] 
Results and Discussion
Dispersion of Nano-CaCO 3 Particles in Polyethylene Matrix
It is known that the mechanical properties of composites are strongly related to the dispersion of the filler in the polymer matrix. As one kind of inorganic filler, CaCO 3 is incompatible with PE. When the nanoparticles are used the dispersion becomes a severe problem, because the nanoparticles have a strong tendency to agglomerate. Figure 2 shows SEM micrographs of impact-fractured surfaces of the HDPE/ LLDPE/10 wt % untreated nano-CaCO 3 (UNC) and HDPE/ LLDPE/10 wt % treated nano-CaCO 3 (SNC) composite specimens. The untreated nCC particles aggregated severely in the PE matrix with the size reaching up to 300 nm ( Figure  2(a) ). Many cavities between the particles and the matrix were observed, which suggests that the interfacial adhesion between the two phases was poor. The untreated nCC particles aggregate in the PE matrix because of their high polar surface energy. The aggregated nCC particles have a poor compatibility with PE matrix because of their hydrophilic surfaces, which lead to cavities in the matrix and interface debonding. When the PE matrix was filed with the nCC particles treated with JN114, the nanoparticles were homogenously dispersed in the PE matrix and aggregates of the nanoparticles were hardly observed; the diameters of the particles were almost below 100 nm (Figure 2(b) ). The interfacial contact between the nanoparticles and PE matrix was good. There is a strong polar-polar interaction between nonpolar polyethylene matrix and treated nCC particles. As a result, a good compatibility was obtained, thereby resulting in an excellent interfacial adhesion between the nCC particles and the matrix. The good compatibility also improved the dispersion and reduced the aggregates of nCC particles in the PE matrix. Figure 3 shows the TEM images of HDPE/LLDPE/nCC nanocomposites containing untreated and surface-treated CaCO 3 nanoparticles. It can be seen that most nanoparticles form agglomerates in polyethylene matrix due to the incompatibility between nanoparticles and polyethylene matrix (Figure 3(a) ). In Figure 3(b) , it is found that most surfacetreated CaCO 3 nanoparticles dispersed well in polyethylene matrix. Even the individual CaCO 3 nanoparticle could be clearly observed. The average size of nanoparticles evaluated is approximate 60-80 nm. Besides, in Figure 3(b) , it is seen that the interface between the nanoparticles and the polyethylene matrix is undistinguishable, whereas the interface between the nanoparticles and the polyethylene matrix in Figure 3(a) is much clear. This also suggests a better compatibility between the surface-treated nanoparticles and the polyethylene matrix. Figure 4 shows the FTIR spectra for untreated nanoCaCO 3 and JN114 treated nano-CaCO 3 . When compared with the untreated nano-CaCO 3 (curve b), there were two small new peaks presented at 2975 cm -1 (which is the dissymmetry flex oscillation of C-H) and 2830 cm -1 (which is the symmetry flex oscillation of C-H) for the JN114 treated nano-CaCO 3 (curve c). This revealed the existence of -CH 2 -in JN114 treated coupling agent. As expected, these two peaks were also presented in the spectra of the treated nano-CaCO 3 . This indicated that the surface of nano-CaCO 3 was coated by JN114 coupling agent, so that the hydroxyl number was reduced. This suggested that JN114 adhered and formed a nonextractable layer on the filler surface via a chemical reaction, as well as a simple physical absorption. The detailed chemical mechanisms of JN114 coupling with CaCO 3 are under study and will be reported in another article.
FTIR Spectrum
Mechanical Properties of the Nanocomposites
The properties of composite materials are greatly influenced by the degree of mixing between the two phases. In conventionally filled polymers, the micrometer-sized particles and the poor physical attraction between the organic and inorganic components lead to weaker materials. In nanocomposites, because of the very large surface area of the nanoscale filler, the interfacial interaction between the filler and the matrix is very strong even without a compatibilizer [33] . Due to the nanoscale reinforcement, the nanocomposites will exhibit markedly improved mechanical properties, such as an increased modulus and strength. The tensile fracture strength (σ b ) of the HDPE/LLDPE/nano-CaCO 3 composites against nCC content is shown in Figure 5 . It can be seen that when the weight fraction of nCC (φ)<15 %, the σ b of untreated nano-CaCO 3 composites (UNC) decreases with increasing φ and then increase somewhat. It appears that the minimum σ b occurs at φ =15 wt % in the range of φ from o to 20 %. This phenomenon can be attributed to the nucleation effect of the nCC particles and the weak interfacial interactions between the nCC particles and the polyethylene matrix. With the particles increasing further, the stress concentration effect in the interface between the matrix and the inclusions will be significant correspondingly, and matrix around the particles might yield first and induce crazes to absorb relevant tensile deformation or fracture energy, leading to improvement of tensile fracture toughness. Liang [34] also reported that, the values of σ b of the specimens along both the two directions achieved minimum at φ =20 %. For JN114 treated nanoCaCO 3 composites (SNC), the σ b at first increase slightly with increasing φ and then decreases up to 15 wt %, while σ b increase obviously when φ is more than 15 %. The σ b of HDPE/LLDPE was 16.2±0.5 MPa, while the maximum σ b of the polyethylene composite filled with the untreated and JN114 treated nCC particles were 15.6±1.1 MPa and 19.3± 0.6 MPa, respectively, which occured at 5 and 20 wt % nCC content in the composites. The interfacial adhesion plays a crucial role in improving the tensile strength of the composites. The stronger the interfacial adhesion the composite has the larger the stress that can be transferred to inorganic particles from the matrix, which leads to higher tensile strength. The treatment of nCC particles with titanate significantly improved the interfacial adhesion of the corresponding composite, and it thus had the highest tensile strength than that of untreated composite. The composite filled with the untreated nCC particles had relatively poor interfacial adhesion, and had the lowest tensile strength. It is known that the tensile strength of composites is influenced by the filler fraction and the interfacial adhesion between particles and the matrix [35] . For spherical particles with no adhesion to the polymer matrix, which fail by random fracture, Liang and Li [36] proposed a tensile strength equation as follows:
Where σ c and σ m are the tensile strength of the composite and the matrix resin, respectively. θ is the interfacial adhesion angle between the filler particles and the matrix, which is an angle from the pole to the interfacial debonding of the particle. In other words, this is a parameter for characteristic of the interfacial bonding. For a particulate filled polymer composite system with weak interfacial adhesion, its tensile strength will decrease obviously [37] , or will decrease slightly for a filled system with relatively good interfacial adhesion, with an addition of rigid inorganic particle concentration [36] . For instance, in a case of good interfacial adhesion, θ =0, and then σ c =σ m . Therefore, it might be concluded from the results shown in Figure 5 that the interfacial adhesion between the nCC particles and the matrix is good, especially for SNC composites, which is consistent with the SEM observations, as shown in Figure 2 . Figure 6 shows the variation of tensile elastic modulus (E c ) of the composites with nCC content. It can be seen that the tensile elastic modulus increase with increasing filler content. It is generally known that the addition of any rigid filler to a polymer matrix increases its modulus. Furthermore, for the same content of nCC, the modulus of composite increases with the amount of coupling agent (0.5 wt %) used in the surface treatment. We attributed this to the improved dispersion of nanoparticles and the strong interfacial adhesion between nCC particles and the polyethylene matrix, consistent with the conclusions based on the SEM micrographs. According to Goujon et al. [38] , CaCO 3 contains a small amount of Ca(OH) 2 or other oxide and hydroxide impurities, which may react with the organofunctional groups of the coupling agent. Thus, the increased modulus may be attributed to the adhesion of titanate to the surface of CaCO 3 , via the reaction with the reactive impurities present at the surface of the filler. Figure 7 shows the variations in the Izod impact strength (S IC ) of the composites with nCC content. It can also observe from Figure 7 that when φ<10 wt %, S IC increases with increasing φ and then decreases. There is a maximum value of S IC at φ=10 %. Impact strength is an important characteristics for impact toughness of materials. The results show that the impact toughness of polyethylene can be improved to some extent when polyethylene is filled with suitable concentration of nCC. This peak phenomenon of the curve of S IC versus φ can be explain as follows: the nCC fillers will act as inclusions which produce stress concentration will cause matrix yielding and plastic deformation which will absorb part of the impact energy and result in enhancing impact toughness correspondingly. With further increasing the content of nCC the distance between the neighboring particles (the thickness of matrix ligament) will be smaller than the critical value, L c , which is giving by [39] :
In this case, the interfacial layer between the filler and matrix will change from the plane strain to plane stress and ductile-brittle transition will occur, thus the impact strength of composites decrease accordingly. In equation (2), d is the diameter of the filler particle and φ is the volume fraction of the filler. When φ =20 %, the S IC had already decreased to the level of polyethylene, and the maximum S IC of UNC was 3.4 kJ/m 2 . By contrast, the maximum S IC of SNC was 4.8 kJ/ m 2 , about 167 % of that of polyethylene. As expected, in contrast with nCC, the treated with the JN114 had a more obvious toughening effect on polyethylene. The JN114 that covered nCC, therefore, had a special modification ability to improve the impact strength of polyethylene. Furthermore, the melting temperature (T m ) of HDPE/LLDPE increased slightly with respect to the sample lack of nCC, which could be interpreted as being caused by heterogeneous nucleation after introduction of the inorganic filler [40] . 
DSC Analysis
Flow Properties
Melt flow index (MFI) is an important parameter for characterization of the processing property of polymeric materials. Figure 9 displays the MFI with nCC weight fraction (φ) for the nanocomposites of HDPE/LLDPE/nCC untreated and treated with coupling agent. Because the incorporation of fillers hinders plastic flow and increases the viscosity of a polymer melt, a reduction of MFI with the filler loading is expected. The MFI values decreased in direct proportion to the increase in the amount of nCC. With the 0 % nCC point considered as the reference point, the MFI value decreased in significantly with the addition of 5 % nCC. A significant decrease was observed in the 5-15 % range, and an insignificant decrease was observed in the 15-20 % range. The chemical modification of the filler by means of the coupling agent causes an increase in the viscosity which leads to a decrease in the melt flow index. This decrease is a result of the interactions that developed between the filler and the coupling agent, reducing therefore the chains mobility around the filler. Increasing the amount of nCC in composite material increased the shear stress and viscosity. The polymer flow into the mold decreased according to the filler concentration. Therefore, the polymer processes were affected by the influence of particulate materials on the flow properties of the material. The flow properties could also be adversely affected by numerous phenomena related to the presence of the filler in the formulations [41] .
Conclusion
High density polyethylene/linear low density polyethylene (HDPE/LLDPE) blends with 0.5 wt % Irganox B225 containing different amounts of nCC filler were prepared by meltblending with a twin-screw extruder. The effects of nCC content on the morphology, mechanical, thermal and flow properties of the filled HDPE/LLDPE (50/50 wt %) blends were investigated. The following results were obtained: 1. SEM analysis indicated the positive effect of the surface modification applied to particles. The TEM photographs showed that the titanate-treated nCC particles were delaminated into nanoscaled layers, which were homogeneously dispersed throughout polyethylene matrix. All of these changes greatly modify the mechanical properties of the nanocomposites. 2. The tensile fracture strength of the titanate-treated nCC composites was higher than that of untreated nCC composites. The tensile elastic modulus of the nanocomposites increased linearly with increasing the weight fraction of nCC particles at room temperature. The Izod impact strength of the titanate-treated nCC composites was also improved, which was 41 % higher than that of untreated nCC composites at 10 wt % nCC content. 3. According to DSC test results, the crystallization and melting temperature trends to increase with the addition of titanate-treated nCC particles in the composite. The crystallinity of the polymer matrix shows a slight increase after the introduction of nCC particles and the sample with surface-treated nCC shows the highest value of crystallinity. 4. The MFI reflects the flow property of thermoplastics.
Under the standard test conditions, the MFI of the composites decreased with an addition of weight fraction of the nCC particles.
